Bulk nanostructure of commercially available aluminum alloy of AA6061 was made by an equal channel angular extrusion (ECAE). The effect of the ECAE routes of A, Bc and C on change of microstructure was investigated up to four passes by using the split die set-up. Formability of the ultra-fine grained specimens processed by the ECAE was measured by a compression test. In this test, the specimen made of the conventional material did not buckle when the aspect ratio of the height to the diameter (4 mm) of the specimen was 2.1 but the ultra-fine grained specimens with the same aspect ratio buckled. Considering the limiting value of the aspect ratio obtained from the compression test, a bolt forming sequence was developed into three stages. Load requirement and possible defect formation during the forming process were predicted by employing a rigid-viscoplastic finite element analysis. After manufacturing the high strength bolts using the ultra-fine grained specimens, strength increase was confirmed by the tension test and transmission electron microscopy. Homogeneity of strength increase was also examined by measuring local hardness distribution. In addition, the manufactured bolt with the ultra-fine grained AA6061 was compared to the one manufactured with commercially available AA2024 in terms of strength increase and its homogeneity. According to the present investigation, an innovative approach to utilize the ECAE to manufacture the high strength bolt using the conventional material without applying additional alloying elements or heat treatment is demonstrated.
Introduction
The equal channel angular extrusion (ECAE) 1) is one of innovative methods for producing ultra-fine grained materials. It enables us to perform repetitive pressings of the bulk material to accumulate intensive plastic strain without changing the shape. The material processed by the ECAE has very small grains less than 1 mm, offering better material properties such as yield, ultimate tensile and fatigue strength. 2, 3) The improved material properties obtained by the ECAE are dependent on grain refinement. Generally, strength of the material is known to be proportional to the reciprocal of the square root of the grain size according to the empirical Hall-Petch equation. 4) For practical application of the ultra-fine grained materials processed by the ECAE, Zhernakov et al. 5) manufactured bolts widely used in the automobile and aerospace industries with titanium alloys. In this investigation, mechanical tensile tests were conducted for investigating strength increase, and fatigue endurance was also measured by Locati's method. Yanagida et al. 6 ) manufactured a micro bolt using ultra-fine grained carbon steel by the severe plastic deformation (SPD) processes, which consisted of the ECAE and cold rolling followed by swaging. In their study, evaluation of formability was judged by forming micro screws depending on whether it was successfully formed or not.
Although the ECAE process is used to produce bulk nanostructured materials, practical applications are rather limited. Few attempts have been conducted on the formability study of the processed material by the SPD for manufacturing products successfully at room temperature. In the present study, high strength bolts were manufactured using the ultra-fine grained AA6061 processed by the ECAE, and formability of the ultra-fine grained specimen was investigated. The ECAE was applied to produce the ultra-fine grained AA6061, which is one of typical aluminum alloys massively used in aerospace, automobile, sports and construction industries. 7) In the ECAE, three different routes A, Bc and C up to four passes were applied to investigate the effect of processing routes and the number of passes on microstructural change and its homogeneity. For successfully manufacturing aluminum bolts, formability of the ultra-fine grained material obtained by the ECAE was investigated by a compression test. Depending on the compression test results, multi-stage bolt forming dies were designed to accommodate the change of formability of the material. The finite element (FE) analysis program CAMPform-3D developed by Kim and Im 8) was used in order to verify the proposed forming sequence design of three stages. Increase of mechanical strength of the manufactured bolts was confirmed by the tension test and transmission electron microscopy (TEM) by measuring grain sizes. Homogeneity of strength increase was also examined by measuring local hardness distribution in the manufactured bolts. In addition, the manufactured bolt with the ultra-fine grained AA6061 was compared to the conventional one made of AA2024 in terms of strength increase and its homogeneity.
Experimental
In this study, aluminum alloy AA6061 was used as a testing material and the ultra-fine grained specimens were obtained by the ECAE as described in Fig. 1 . In the ECAE experiment, the horizontal split dies developed by Jin et al. 9) consisting of the channel angle (È) of 90 and die corner angle (É) of 20 were used as depicted in the same figure. For examining the experimental results, commercially available AA6061 and AA2024 bars whose chemical compositions are given in Table 1 were purchased and fully annealed at 415 C for 3 h and cooled to 260 C with a rate of 30 C/h. Thereafter, furnace cooling to room temperature was applied.
A machined square bar specimen with width, thickness, and length of 5:0 Â 5:0 Â 37:0 mm 3 , respectively, was subject to the ECAE up to four passes for three different routes of A, Bc and C. In routes A, Bc and C, the specimen was pressed with rotations of 0 , 90 and 180 in a counter clockwise direction after each pass, respectively. The specimen was inserted into the entrance channel and pressed by using a 100 kN MTS machine (Alliance RT/100) with the ram velocity of 0.5 mm/s at room temperature. Grease was applied on the specimen and die channel as a lubricant.
The compression test was conducted to check formability of the conventional and ultra-fine grained specimens for designing multi-stage bolt forming dies. The specimens for the compression test were made into a cylindrical shape with the diameter of 4 mm and various lengths from 8.4 to 11.6 mm as shown in Fig. 2 . The compression test was carried out with the ram speed of 0.1 mm/s by applying grease as a lubricant on the specimens and the dies as well.
The bolt forming process consisted of three stages which were tapered extrusion, preforming and final heading as shown in Fig. 3 . The size of the initial cylindrical specimen was 4 mm of diameter and 25.45 mm of length. For the first, second and third stages of forming in Fig. 3 , strokes of 3.6, 6.0 and 2.0 mm were applied, respectively. The specimen was pressed with 0.1 mm/s of a ram speed at room temperature. As a lubricant, grease was brushed on the specimen and the dies. After the final process, threads of M4 bolt with 0.7 mm pitch were made by machining as shown in Fig. 3 (e).
To investigate strength increase of the manufactured aluminum bolts using the ultra-fine grained specimens, the tension test was carried out. Tension test specimens with the gauge length of 10 mm and the diameter of 2.5 mm were prepared by machining off the surface part of the square specimen in the longitudinal direction as illustrated in Fig. 2 . Both ends of the processed specimen by the ECAE were cut off because these two ends of the specimen were not plastically deformed as shown in Fig. 1 . The initial strain rate used for the tension test was 0.01 s À1 in order to measure the load-stroke curves. The true stress-strain curves were calculated according to the ASTM E8M-04, 10) in which elongation was measured by fitting the ends of the fractured parts.
Micrographs were obtained by the TEM using a Tecnai G2 F30 at 300 kV to check the microstructure change owing to the ECAE. A thin foil was sliced perpendicular to the y-axis in Fig. 2 at the center of the deformed specimen. Then, a 3 mm disc was punched out from the foil and mechanically thinned down to the thickness of 20 mm. The thinned disc was electrically polished by employing a twin-jet polishing machine with solution of 20% perchloric acid and 80% methanol at an applied potential of 25 V and 0 C. Vickers microhardness test was also carried out to check homogeneity of strength increase of the ultra-fine grained aluminum bolts by measuring distribution of microhardness with Mitutoyo HM-122. Manufactured bolts were cut in half in the longitudinal direction, and the cross section was polished. Vickers microhardness values were measured along the center line at 16 points and along the surface line at 20 points with the increment of 1 mm as shown in Fig. 4 . In this test, applied load was 0.5 N and duration time was 10 s. Fig. 2 Machining of the ultra-fine grained specimen for the compression and tension tests. 
Numerical
The proposed process sequence design of three stages was numerically simulated to predict the forming load and possible defect formation in the manufactured bolt using an in-house FE program, CAMPform-3D. 8) This program was developed based on the rigid-viscoplastic approach widely used in bulk metal forming analyses due to its accuracy and computational efficiency. The specimen and dies for the three-dimensional numerical simulations were modelled by a 30 section due to its geometrical symmetry. The initial specimen was modelled with 2,400 brick elements, and remeshing was carried out in order to continue the simulation to reduce a numerical error due to severe distortion of the mesh.
11)
Flow stress of the material was obtained from the compression test with a constant ram speed of 0.1 mm/s at room temperature by applying grease as a lubricant. The specimen obtained from the ECAE with the route A after four passes was made into a cylindrical shape whose diameter and height were 4 and 6 mm, respectively. The stress-strain curve obtained from the compression test was fit into " ¼ 331 "
" " 0:15 MPa, which was employed in the FE analysis. In simulations, the constant shear friction model was used to apply a frictional force at the interface between the specimen and dies. The friction factor of 0.1 used in most cold forming applications was selected as a reference value for the bolt forming simulations.
12)

Results and Discussion
Compression test results for the conventional and ultra-fine grained specimens are given in Fig. 5 . In this figure, the conventional specimen buckled when the aspect ratio of the height to the diameter (4 mm) of the specimen was larger than 2.9. On the other hand, the ultra-fine grained specimen buckled when the aspect ratio was larger than 2.1 for all three different routes after three passes. According to the present results, the critical aspect ratio inducing buckling was dependent on the shear deformation and route effect during the ECAE as shown in Fig. 1 . According to the work by Furukawa et al., 13) plastic deformation in the middle of the specimen in the ECAE was clearly dominated by nearly uniform shear as the specimen moved through the shear plane in the process. This directionality causes formation of the sliding zone in the ultra-fine grained specimens under the shearing condition. Thus, the ultra-fine grained specimen was easy to buckle compared to the conventional one.
Because of the change of formability, the ultra-fine grained specimen had a folding phenomenon at the preforming stage for two stages of bolt forming sequence in Fig. 6 without applying a tapered extrusion. This folded preform led to defect in the final bolt at the flange in the same figure. Thus, the conical shape die should be introduced to avoid this folding problem because the upsetting ratio from the initial specimen (Fig. 3(a) ) to preform (Fig. 3(c) ) was larger than the critical aspect ratio of 2.1 as determined in this work. Therefore, the critical aspect ratio of buckling should be considered during the die design for successful bolt forming of the ultra-fine grained specimen as shown in Fig. 3 . Figure 7 shows measured and simulated load-stroke curves for the bolt forming process for three stages. As the number of stages increased, the maximum forming load increased and the peak load of the third stage showed the highest value at the end of the stroke because the process was a closed-die forging. This process was applied for achieving the required dimension through the completeness of material filling. Figure 8 shows deformation and strain distributions of the specimen during the forming process obtained from the simulation. The strain level in the deformed body was much lower than those in the head and flange parts. It was found that the geometry of the formed parts for each stage was reasonably complete without showing any under filling at the corners of the head and flange.
The completeness of material filling is shown in Fig. 9 to check the formability of the ultra-fine grained specimens. In this figure, the originally required geometry of the bolt was compared with the cross section of the manufactured bolt using the ultra-fine grained specimen through the route A after four passes. Considering the machining tolerance, material was completely filled at the head and flange. Therefore, the ultra-fine grained specimen of AA6061 has enough formability for precision cold forging of the bolt considered in this work.
According to the tension test, the ultimate tensile strength (UTS) of the manufactured bolt with the ultra-fine grained specimen was significantly increased compared to the conventional one as shown in Fig. 10 . For route A, the UTS increased from 168 to 212 MPa after the first pass and up to 302 MPa after four passes. As shown in Fig. 10 , the UTS of 302 MPa with the elongation of 13% for the case of route A after four passes was also satisfied with the AL2 grade specification (the aluminum alloy whose UTS is larger than 280 MPa) of bolt strength specified in KS B0145. 14) Therefore, bolt manufacturing using the ultra-fine grained specimen can be an environmentally friendly process that satisfies practical standard specification without applying a secondary process like heat treatment.
For routes Bc and C after four passes, the UTS also increased to 289 and 259 MPa, respectively, as shown in Fig. 11 . However, the increasing rate of the UTS was different for each route in this figure depending on the number of passes. The route A had the highest increasing rate of the UTS with 80% up to four passes compared to 72% and 54% for routes Bc and C, respectively. In addition, the manufactured bolt with the ultra-fine grained specimen obtained by the route A after three passes had higher strength than the conventional bolt made of AA2024, which contains more alloying elements of 7.45% than 2.58% in AA6061 9 Cross-section of the manufactured bolt with the ultra-fine grained specimen with route A after four passes. according to Table 1 . Therefore, route A in the ECAE is effective in obtaining higher strength with lower weight under the present investigation condition considering preparation of the tensile specimen from the center of the aluminum alloy processed by ECAP as explained earlier in experimental. This kind of strength increase was mostly due to grain refinement by the multi-pass ECAE, which was confirmed by the TEM. According to the TEM as shown in Fig. 12 , elongated grains are observed for all passes for three different routes. The grain size was getting smaller and elongated to about 1 mm after the first pass of the ECAE as shown in Fig. 12(a) . Especially, grains in the specimens processed by routes A and Bc were more elongated than for the case of the route C after four passes as shown in Figs. 12(b) , (c) and (d). In these figures, it can be seen that grain sizes decreased as the number of passes increased. In addition, a selected area electron diffraction (SAED) pattern of the microstructure in the specimen obtained from route A after four passes showed boundaries with higher misorientation angles than others as shown in Fig. 12 . This kind of grain refinement resulted in different levels of the UTS depending on three different routes of the ECAE.
Local distributions of the Vickers microhardness measured are given in Fig. 13 to examine homogeneity of strength increase. In Fig. 13(a) , hardness of the manufactured bolt through the route A after four passes increased in an average value by 43% and 107% in the head and body parts, respectively, compared to the conventional one. Similar increase was observed in the cases of routes Bc and C. In conventional bolts made of AA6061 and AA2024, the bolt head has higher microhardness value than the body as shown in Fig. 13(b) . On the other hand, the ultra-fine grained bolts did not show significant variations of the microhardness between the head and body for all three routes. In addition, the manufactured bolt using the specimen obtained by the route A in the ECAE had the highest microhardness value of Hv 94.1 in average as shown in Fig. 13(b) . This increase of microhardness value is similar to the one with the UTS as shown in Fig. 11 . Similar tendency of microhardness distribution was found along the surface line of the manufactured bolt with the ultrafine grained specimens as shown in Fig. 14. The difference of the microhardness between the head and body was mainly due to the bolt forming process. The body part did not deform during the bolt forming but the head part underwent deformation by three stages of bolt forming. Thus, strain hardening incurred higher Vickers microhardness value in the head part than the one in the body of the conventional bolt. However, the ultra-fine grained specimen was already strain hardened enough and increase of strength in the head part was relatively lower than in the conventional one during the bolt forming. Therefore, it is clear that the ultra-fine grained bolts were more effective in achieving a homogenous hardness distribution than the conventional one.
Conclusions
In the present investigation, a novel approach to utilize the ECAE to manufacture the high strength bolt with less weight using the ultra-fine grained material was demonstrated. From the compression test, the critical aspect ratio of buckling in the ultra-fine grained specimen was determined to be 2.1. The new critical aspect ratio was applied to avoid the buckling problem at the first stage of conventional two stages bolt forming by adopting the tapered extrusion. With three stages of the bolt forming process, ultra-fine grained aluminum bolts were successfully manufactured. The UTS of the ultra-fine grained bolts made of the specimen prepared by the route A after four passes in the ECAE was approximately two times higher than the one made of the conventional material. In addition, the ultra-fine grained AA6061 bolts obtained by the same specimen showed 16% higher strength than AA2024 conventional bolt in spite of less alloying compared to conventional AA6061. Vickers microhardness value also increased by 43% at the head and 107% at the body of the ultra-fine grained AA6061 bolts made by the same specimen. The Vickers microhardness distribution was more homogeneous in the ultra-fine grained bolt than in the conventional one. Therefore, the route A of the ECAE was the most effective route to achieve higher strength and homogeneity of strength in AA6061 under the present investigation condition. This approach will be more economical and environmentally friendly for achieving higher strength with less weight than the conventional approach to add additional alloying elements or applying heat treatment.
